retrogenes in these lineages. While Da_ran-like and Dg_ran-like proteins are similar to the parental proteins, this similarity is not due to a recent origin as the KS is saturated between parental and retrogenes. The KS is 3.3193 for Da_ran-like and is 1.5144 for Dg_ran-like calculated using PAML. Accordingly, the KA/KS ratios are 0.0408 for Da_ran-like and 0.0348 for Dg_ran-like (Table   S4 ).
The Ran-like in the D. melanogaster subgroup is more diverged, and our threading analyses indicate that some changes are likely to abolish some protein-protein interaction interfaces while possibly retaining others (Figure 2 ). The interface with DNTF-2 appears to be present, as most of the interacting amino acids are identical or show conservative changes. We also posit that Ran-like may still interact with RanGAP, although potentially at a reduced level, as several residues within-and proximal to-known RanGAP interacting residues have suffered non-conservative mutations (e.g., amino acids 91-94, which are likely under positive selection, and amino acid 128 which is not suggested to be under positive selection) (Figure 2 ). Mapping these mutations onto co-crystal structures of Ran/RanGAP indicate that there are no major steric or charge conflicts. Further, RanGAP has been shown to produce duplicate genes (e.g., Sd (KUSANO et al. 2003) and to be under positive selection itself (PRESGRAVES 2007) ), and interactions with a changing RanGAP or its duplicates could also explain the observed changes in Ran-like's RanGAP interface.
All other parental functional surfaces of Ran-like from the D. melanogaster subgroup seem to be even less conserved than the RanGAP interface. The analyses below focus on D. melanogaster Ran-like, but similar conclusions apply to the other Ran-like lineages analyzed. Regarding the interaction with Importin β, Ran-like proteins have likely reduced overall charge interactions through partial or complete changes in charge (E113G [disrupts hydrogen bond], K142T [in the basic patch], Y146L, and Y147I). In addition, one amino acid replacement (Q145Y) may possibly introduce a steric clash with position 163 (W163Y). The C-terminal end that is known to stabilize RanGDP (SEEWALD et al. 2002) may also have diverged. It is known that in the absence of this end, the RanGAP mediated hydrolysis of RanGTP to RanGDP is accelerated (SEEWALD et al. 2002) , and the exchange of GDP to GTP catalyzed by RanGEF is also accelerated (RICHARDS et al. 1995) . The C-terminal end is also required for the efficient binding of Ran to several of the Ran-binding proteins. Such binding is required for proper function of Ran (RICHARDS et al. 1995) , but it is likely lost in Ran-like. RanGEF and exportins may also have a weaker interaction with Ran-like. Ran-like residues involved in RanGEF interaction have lost charge (partially or completely) or hydrophobicity (R95S, and V96N). Residue 95 is likely under positive selection (Table 2 and Figure 2 ). Ran-like residue 37 involved in exportin interaction has changed dramatically in charge and size (K37M).
The above analysis seems to indicate that the D. melanogaster subgroup ran-like protein has retained DNTF-2 and RanGAP interfaces while likely losing, or at least diminishing, all other protein-protein interfaces. The presence of DNTF-2 and RanGAP interfaces on Ran-like suggests that the Ran-like protein might exist in the RanGDP form and could be carried into the nucleus by DNTF-2r, where the Ran-like RanGDP could be converted to RanGTP. The Importin β interface on Ran-like, however, is likely diminished. As a result, Ran-GTP might not be transported out of the nucleus by Importin β, and Importin β might have a diminished capacity to release cargo upon nuclear entry. Similarly, export of RanGTP by the exportin complex may possibly be reduced. Additionally, the loss of Ran-like's C-terminal residues suggest that hydrolysis of RanGTP to RanGDP might possibly be accelerated in the presence of RanGAP. Other changes in Ran-like may affect the exchange of GDP to GTP by RanGEF.
The binding of several lesser-known Ran binding proteins may also be affected. All these structural inferences remain to be experimentally tested. However, from these data it seems that Ran-like cannot completely replace Ran in testes in those D.
melanogaster subgroup species where it is still functional. ATGCAAGAGGTGACCTCATTCAAGCTGGTTCTTCTCGGAGACGGAGGAACTGGGAAAGCC 60 ************************ *********************************** Tai21  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  Tai30  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  Tai15b  ACATTTATCAAGCGACACCTGACTGGCGAGTTCGATAGGCGATACATTGCGATCCTGGGT 120  Tai15a  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  GE22850  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  GE19852  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 119  Tai6  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 119  Tai18  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 119  Tai59  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  Tai37  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120  Tai26  ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 119  Tai27 ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT 120 *********************** *********** **************** ******* Tai21  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  Tai30  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  Tai15b  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  Tai15a  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  GE22850  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  GE19852  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 179 Tai6  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 179  Tai18  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 179  Tai59  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  Tai37  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180  Tai26  GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 179  Tai27 GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG 180 ************************************************************ Tai21  GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240  Tai30 GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240 Tai15b  GACACTGCCGGTCAGGAGAAGTTCGGTAGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240  Tai15a GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240
GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240 Tai37  GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 240  Tai26  GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA 239  Tai27 GACACTGCCGGTCAGGAGAAGTTCGGT--------AGACGGGTATTATGTCCAAGGTCAA 232 ***** *** *************** Tai21  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  Tai30  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  Tai15b  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  Tai15a  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  GE22850  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 294  GE19852  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 270  Tai6  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 270  Tai18  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 270  Tai59  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  Tai37  TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 300  Tai26  TGTGCCATAAAATTGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 299  Tai27 TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG 292 ********** * *********************************************** Tai21  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  Tai30  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  Tai15b  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  Tai15a  CACCGCGACTTGGTGAGTGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  GE22850  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 354  GE19852  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 330  Tai6  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 330  Tai18  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 330  Tai59  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  Tai37  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 360  Tai26  CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 359  Tai27 CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG 352 ***************** ****************************************** Tai21  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 420  Tai30  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 420  Tai15b  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAGGAAAAACCTC 420  Tai15a  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 420  GE22850  GATATCAAGCAACGGAAGGTTAGGCCTAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 414  GE19852  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 390  Tai6  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 390  Tai18  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 390  Tai59  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 420  Tai37  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 420  Tai26  GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 419  Tai27 GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC 412 ************************** ********************** ********** Tai21  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 476  Tai30  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 476  Tai15b  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 476  Tai15a  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 476 GE22850  CACTACATTG-----TCCGCCAAGTCAAACTATA----ATATTGAGAGTCCCTTCGTCTA 465  GE19852  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 446  Tai6  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 446  Tai18  CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 446  Tai59  CACTGCATTGAAATGTCCGCCAAGTCAAACTATACTTGACATTGATAGTCCCTTCGTCTA 480  Tai37  CACTGCATTGAAATGTCCGCCAAGTCAAACTATACTTGACATTGATAGTCCCTTCGTCTA 480  Tai26 CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 475 Tai27
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA 468 **** ***** ******************* * ***** ************** Tai21  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 536  Tai30  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 536  Tai15b  TCTGTTGCGGAAGTTGATTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 536  Tai15a  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTTAAGAACCCCGCTCTAAA 536  GE22850  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 525  GE19852  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA 506  Tai6  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA 506  Tai18  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA 506  Tai59  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 540  Tai37  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 540  Tai26  TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 535  Tai27 TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA 528 **************** ************************* *** ************* Tai21 Tai15a  ACCCCCAGAAGTTGTCTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 596  GE22850  ACCCCCAGATGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 585  GE19852  ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 566  Tai6  ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 566  Tai18  ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 566  Tai59  ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 600  Tai37  ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 600 Tai26  ACTCCCAGAAGTTGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 595  Tai27 ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 588 ** ****** ** ** *********** ****** Tai21  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620  Tai30  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620  Tai15b GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620 Tai15a  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 645  GE22850 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 634 GE19852 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615 Tai6  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615  Tai18  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615  Tai59  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 649  Tai37  GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 649  Tai26  GGCAAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 644  Tai27 G-------------------------ATGTTAATGATGATGATCTGTAA 612 * ** ***************** Blue highlights deletions or insertions that change the frame (i.e. deletions that are not multiple of 3 base pairs). Deletions with insertion are marked in orange and they all change frame. The first premature stop codon in frame is shown in red. 
ACCCCCAGAAGTGGTTTTTACCGACGACG-------------------------AATGGA 571 Tai30 ACCCCCAGAAGTGGTTTTTACCGACGACG-------------------------AATGGA 571 Tai15b ACCCCCAGAAGTGGTTTTTACCGACGACG-------------------------AATGGA 571
#F and R refer to forward and reverse, respectively Log likelihood values and estimates of KA/KS ratios are shown. p is the number of parameters estimated in the model. ŵDntf-2 is KA/KS ratio for all Dntf-2 genes. ŵDntf-2r is the KA/KS ratio for the melanogaster subgroup minus the branch immediately following duplication of Dntf-2r. ŵDntf-2r_dup is the KA/KS ratio for the branch immediately following duplication in the melanogaster subgroup. ŵDa_Ntf-2r and ŵDg_Ntf-2r the KA/KS ratio for the retroposed sequence in D. ananassae and D. grimshawi respectively. Log likelihood values and parameters estimated under differing models of selection. l refers to log likelihood values. p is the number of parameters estimated in the model. ŵran is KA/KS ratio for all ran genes. ŵran-like is the KA/KS ratio for the melanogaster subgroup minus the branch immediately following duplication of ran-like. ŵran-like_dup is the KA/KS ratio for the branch immediately following duplication in the melanogaster subgroup. ŵDa_ran-like and ŵDg_ran-like the KA/KS ratio for the retroposed sequence in D. ananassae and D. grimshawi respectively 6 3 6 6 4 3 D. simulans
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